In the chloroplasts of plants and algae and a variety of photosynthetic and nonphotosynthetic bacteria, including Escherichia coli, 8-aminolevulinic acid (ALA), the first committed precursor of porphyrin biosynthesis, is formed in a three-step reaction utilizing the five-carbon skeleton of glutamate (for recent reviews, see references 4 and 30). This C. pathway is summarized in Fig. 1 . In the first step, which is also a crucial reaction in protein biosynthesis, glutamate is activated by glutamyl-tRNA synthetase to form Glu-tRNA (25) . The aminoacyl-tRNA is the substrate of an NADPHdependent reductase (Glu-tRNA reductase) which must recognize tRNA in a sequence-specific manner. The activated (by tRNA) carboxyl group of glutamate is then reduced to glutamate 1-semialdehyde (GSA) or its cyclic form 2-hydroxy-3-aminotetrahydropyran-1-one (21) . Finally, GSA is the substrate for GSA aminotransferase, which transaminates GSA to ALA. The details of the reaction mechanisms of Glu-tRNA reductase and GSA aminotransferase are still subjects of intensive research.
Of the three enzymes, the most is known about glutamyltRNA synthetase, which has been purified from many organisms (for a recent review, see reference 30) . Much less is known about Glu-tRNA reductase which has been purified and functionally characterized from E. coli and Chlamydomonas reinhardtii chloroplasts (6, 19) . For several prokaryotic organisms, genes complementing the ALA-auxotrophic E. coli hemA mutant are believed to encode a structural component of that enzyme (1, 2) . The third enzyme of the pathway, GSA aminotransferase, has been purified and * Corresponding author.
characterized from barley, cyanobacteria, and green algae (14, 18) . The gene encoding the barley enzyme was characterized recently; the deduced amino acid sequence suggested a conserved peptide possibly involved in pyridoxal 5'-phosphate (PLP) binding (13) . Complementation of the ALA-auxotrophic hemL mutation in Salmonella typimurium yielded a gene with a DNA sequence homologous to the barley GSA aminotransferase clone, and physiological examination of bacteria transformed with the cloned gene provided evidence for functional identity (8) . In E. coli the popC mutation is thought to be related to hemL, on the basis of their similar map positions and resulting phenotypes (9, 32) . However, as the popC mutation is lost (28a), no direct evidence has been provided.
In order to obtain amounts of GSA aminotransferase sufficient to investigate its enzymatic mechanism and also to settle the question of the popC mutation in E. coli, we cloned the GSA aminotransferase gene by complementation of an E. coli strain auxotrophic for ALA. Overexpression of the gene allowed an easy purification of the enzyme, which has the properties of an aminotransferase dependent on PLP or pyridoxamine 5'-phosphate (PAP).
MATERIALS AND METHODS
Bacterial strains and plasmids. The starting strain for mutagenesis studies was E. coli AB354 (HfrPO12 panD2 thr-J leuB6 lacZ4 rpsL8 supE44). E. coli DH5a was used for the initial transformation and propagation of plasmids constructed and used in this study. E (26) . DNA fragments were purified from agarose gel slices, using a GeneClean kit (Bio 101, Inc.). Transformation of E. coli cells was done by the method of Hanahan (15) .
GSA aminotransferase assay. GSA aminotransferase activity was measured with GSA as the substrate as described previously (18) . GSA synthesized by the method of Gough et al. (12) was kindly provided by C. G. Kannangara.
High-pressure liquid chromatographic (HPLC) analysis of GSA--ALA conversion. Enzyme assays were performed as described earlier (18) . GSA (0.7 ,umol) were incubated for 30 min at 30°C in the presence of GSA aminotransferase (MonoQ fraction; 15 ,ug of protein). The reaction products were isolated by Dowex chromatography, and the eluate (0.1 ml) was mixed with the same volume of buffer C (50 mM NaH2PO4, 5 mM sodium dodecyl sulfate [SDS], 1% tertamyl alcohol, adjusted to pH 3.0 with phosphoric acid and degassed). A Bondapak C18 reversed-phase column was preequilibrated overnight with buffer C. The sample (0.2 ml) was injected and separated at a flow rate of 2 ml/min at room temperature (28) . The Downloaded from 300). The extract was centrifuged for 1.5 h at 4°C at 100,000 x g. The supematant (S-100) was taken and could be stored for months at -80°C without any detectable loss of activity. The S-100 fraction was dialyzed against buffer B (20 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid [HEPES] [pH 7.9], 10 mM KCl, 3 mM DTT, 0.2 mM PMSF, 3% glycerol) and loaded with a flow rate of 1 ml/min and a concentration of 10 mg/ml of column volume onto a MonoQ 5/5 (1 ml) equilibrated with buffer B. After the column was washed extensively with buffer B, proteins were eluted with a linear gradient (20 ml) from 10 mM to 2 M KCl in buffer B. Most of the cellular proteins were eluted from the ion exchanger before GSA aminotransferase activity was recovered as a single peak around 650 mM KCl. All nucleic acids were retained on the column (nucleic acids require a higher ionic strength for elution) and therefore separated from the enzyme. The eluted enzyme fraction (MonoQ fraction) contained almost pure GSA aminotransferase when analyzed by SDS-polyacrylamide gel electrophoresis.
SDS-polyacrylamide gel electrophoresis. Protein samples were separated by electrophoresis on 10% polyacrylamide gels containing SDS as described by Laemmli (24) . After electrophoresis, the proteins were visualized by Coomassie blue staining.
Gel ifitration and glycerol gradient centrifugation. A complete description of the determination of the native molecular weight, the sedimentation coefficient, and the Stokes radius by molecular sieving and rate zonal sedimentation is given by Chen et al. (6) . In these experiments, buffer A was used.
RESULTS AND DISCUSSION Isolation and characterization of hemL mutants. Mutants requiring ALA for growth (Ala-) were obtained in strain AB354. A total of 64 Ala-mutants were obtained. In addition, one mutant which requires both ALA and cysteine was found. With one exception, the Ala-mutants grew well on L agar supplemented with ALA and therefore do not belong to the class of ALA-requiring hemB mutants recently described (31) . All Ala-mutants had a leaky phenotype. Preliminary mapping was done by conjugation experiments in which Ala-mutants were used as donors and an FhemA204 strain (GE1358) was the recipient. Of 13 mutants tested, 10 clearly did not have mutations in the hemA gene. Two of these mutant strains, GE1376 and GE1377, were selected for further mapping. P1 transduction experiments with both of these strains showed about 40% cotransduction between the mutated gene and panD. In analogy to a similarly characterized hem gene in S. typhimurium (9), we named the mutant gene hemL and the mutations in GE1376 and GE1377 hemL206 and hemL207, respectively. On the basis of the similar map positions and resulting phenotypes, we surmised that the popC locus of E. coli (32) is the same as our hemL gene and is related to S. typhimurium hemL gene (9) , which encodes GSA aminotransferase (8) . In our previous search for Ala-mutants (31) using the same strategy, no hemL mutants were found whereas hemA mutants were abundant. The reason for this discrepancy is not understood, but different strains were used in the two studies.
Cloning of the hemL gene by complementation of strain GE1377. The E. coli map indicated that popC was located clockwise from the f1u locus. Braun and coworkers previously determined the arrangement of genes in the Jfhu locus contained on the pLC4-43 plasmid (10) and showed the order relative to neighboring genes to be pan-thuA-fhuB-metD the T7 RNA polymerase promoter, indicating that the cloned open reading frame is read in the direction DdeI--PstI.
Overexpression from the correct clone (pL1popC) produced a substantial amount (up to 50% of total cellular protein) of a single protein (Fig. 2, lane 4) . Bacteria carrying the vector without the inserted fragment did not overproduce the HemL protein and served as control for the specificity of the expression system (Fig. 2, lane 2) . Bacteria containing the pLIpopC plasmid expressed low levels of the hemL gene product without IPTG induction (Fig. 2, lane 3) . GSA aminotransferase assays of these S-100 extracts demonstrated a significant increase of enzyme activity related to the presence of the cloned hemL gene (Table 1) .
For the purification of the overexpressed protein, we employed chromatography on the fast protein liquid chromatography (FPLC) resin MonoQ, a step which has been successful in our purification of GSA aminotransferase from C. reinhardtii (18) . The overexpression product was recovered as a single peak (MonoQ fraction) which contained all GSA-converting enzymatic activity. SDS-polyacrylamide gel electrophoresis demonstrated the apparent homogeneity of the purified protein (Fig. 2, lane 5) . Thus, large amounts of this protein can be easily obtained in a one-step purification method.
Characterization of some enzymatic properties of the HemL protein. For a final test of the enzymatic function of the overexpressed protein, we analyzed the products of the GSA aminotransferase reaction by HPLC (18) . The employed reversed-phase column was calibrated with pure glutamate, GSA, and ALA (Fig. 3A) . A control assay performed with heat-inactivated enzyme did not lead to any detectable GSA--ALA conversion (Fig. 3B) , while the unheated MonoQ fraction enzyme gave significant conversion (Fig.  3C ). This demonstrates directly that the protein encoded by the cloned hemL DNA is GSA aminotransferase. Purified GSA aminotransferases from barley, Synechococcus species, and C. reinhardtii exhibited different properties regarding their cofactor utilization (5, 14, 18) . While the barley enzyme transaminates in the absence of PLP or PAP (indicating a new mechanism of amino group donation and transfer) and the Synechococcus enzyme was stimulated by the presence of PAP, the green algae GSA aminotransferase was totally dependent on the presence of PLP. Moreover, other aminotransferases utilize different types of amino group donors with less substrate specificity (17, 20) . To investigate the cofactor requirements of the purified E. coli GSA aminotransferase, we analyzed a number of compounds (Table 1) . A basic level of transamination was achieved without further addition of PLP or PAP, perhaps as a result of the presence of a cofactor tightly bound to the enzyme. However, there was a twofold increase of GSA aminotransferase activity in the presence of 5 ,uM PLP and PAP, making their role as cofactors probable. Higher amounts (up to 500 ,uM) had no further stimulating or toxic effect. Other amine donors tested (e.g., L-alanine, L-glutamate, or L-asparagine) were not able to contribute to the reaction either in the presence or absence of PLP or PAP (data not shown). The transamination reaction is independent of the presence of ATP, NADPH, and Mg2+ (data not shown). These results indicate that the E. coli GSA aminotransferase belongs to the class of aminotransferases dependent on PLP or PAP.
A number of inhibitors of aminotransferases which exert their effect by interaction with the cofactor are known. Gabaculine, a potent inhibitor of different mammalian and bacterial aminotransferases (34) of PLP or PAP is clearly inhibited by gabaculine (Table 1) . Aminooxyacetate is an inhibitor of many plant transaminases (29) which may form an imine complex with the bound cofactor PLP (11) . Compared with gabaculine, higher concentrations (250 p.M) were needed for total inhibition (Table  1) .
Molecular mass of E. coli GSA-aminotransferase. SDSpolyacrylamide gel electrophoresis of the purified GSA aminotransferase (MonoQ fraction) showed a single band with an Mr of 40,000. It appears that the E. coli enzyme is similar in size to the S. typhimurium enzyme, for which a molecular mass of 45.3 kDa was deduced from the gene sequence (8) . While this paper was under review, the DNA sequence of the GSA aminotransferase gene was published (13a); the derived amino acid sequence predicts a molecular mass of 45.4 kDa (13a). In order to define whether GSA aminotransferase acts as a monomer, we determined its native molecular mass under nondenaturing conditions. For this purpose, we employed two independent methods, rate zonal centrifugation in glycerol gradients (Fig. 4C and D) and gel filtration on the FPLC molecular sieving matrix Superose 12 ( Fig. 4A and B) . GSA aminotransferase activity in the glycerol gradients was found in a position between bovine serum albumin (BSA) (66 kDa) and ,B-galactosidase (116 kDa) (Fig. 4C ). This agrees with the results of gel filtration experiments, which showed a sharp activity peak in the elution position between BSA and alcohol dehydrogenase (150 kDa) (Fig. 4A) . A sedimentation coefficient (S20,W) of 5.9 + 0.2 and an apparent Stokes radius of 4.2 ± 0.2 nm were deduced (33) . Thus, an apparent native molecular mass of approximately 80,000 + 5,000 Da was calculated (6, 27) . We conclude that GSA aminotransferase is a functional dimer of 80,000 Da with an a2 structure.
